The initial metabolism of some methylated and ethylated amines, which were used as a nitrogen source but not as the sole carbon source by the yeasts Candida utilis and Hansenula polymorpha, involved a peroxisomal amine oxidase which produced ammonium ions, hydrogen peroxide, and formaldehyde or acetaldehyde. The aldehydes so formed were either oxidized via their corresponding carboxylic acids or, depending on the organism and the aldehyde, also partly assimilated into cell material. The synthesis of amine oxidase, which was paralleled by the development of peroxisomes in the cells, was repressed in the presence of ammonium ions and derepressed under nitrogen limitation. Amines were not required as inducers of enzyme synthesis. Utilization of ethylated amines, but not of methylated amines, as a nitrogen source resulted in a significant increase in cell yield. In both yeasts ammonium ions were assimilated mainly by way of NADPH-dependent glutamate dehydrogenase. The activity of this enzyme increased drastically in cells grown under ammonium or amine limitation or, under carbon limitation, in the presence of amines as the sole source of nitrogen. Under the latter conditions free ammonium was not detectable in the culture supernatant, while the amount of amines utilized was just sufficient to account for the amount of cell material produced. This indicated that during growth with amines as the nitrogen source the physiological condition that the cells experience is in fact one of ammonium limitation. Our results suggested that the rate of amine oxidation was determined by the intracellular concentration of ammonium and determined via repression of amine oxidase synthesis. Due to this control and the high nitrogen to carbon ratio of amines, sustained growth of the methylotrophic yeast H . polymorpha on methylamine and of both species on ethylamine as a carbon source is not possible, even though these organisms are able to grow on the related compounds methanol and ethanol.
The initial metabolism of some methylated and ethylated amines, which were used as a nitrogen source but not as the sole carbon source by the yeasts Candida utilis and Hansenula polymorpha, involved a peroxisomal amine oxidase which produced ammonium ions, hydrogen peroxide, and formaldehyde or acetaldehyde. The aldehydes so formed were either oxidized via their corresponding carboxylic acids or, depending on the organism and the aldehyde, also partly assimilated into cell material. The synthesis of amine oxidase, which was paralleled by the development of peroxisomes in the cells, was repressed in the presence of ammonium ions and derepressed under nitrogen limitation. Amines were not required as inducers of enzyme synthesis. Utilization of ethylated amines, but not of methylated amines, as a nitrogen source resulted in a significant increase in cell yield.
In both yeasts ammonium ions were assimilated mainly by way of NADPH-dependent glutamate dehydrogenase. The activity of this enzyme increased drastically in cells grown under ammonium or amine limitation or, under carbon limitation, in the presence of amines as the sole source of nitrogen. Under the latter conditions free ammonium was not detectable in the culture supernatant, while the amount of amines utilized was just sufficient to account for the amount of cell material produced. This indicated that during growth with amines as the nitrogen source the physiological condition that the cells experience is in fact one of ammonium limitation. Our results suggested that the rate of amine oxidation was determined by the intracellular concentration of ammonium and determined via repression of amine oxidase synthesis. Due to this control and the high nitrogen to carbon ratio of amines, sustained growth of the methylotrophic yeast H . polymorpha on methylamine and of both species on ethylamine as a carbon source is not possible, even though these organisms are able to grow on the related compounds methanol and ethanol.
I N T R O D U C T I O N
Many yeasts are able to utilize various alkylated amines as the sole nitrogen source, but not as their sole source of carbon for growth (van Dijken & Bos, 198 1) . In the yeasts Candida utilis and Hansenula polymorpha, the key enzyme in the metabolism of methylamine is amine oxidase (Zwart et al., 1980) . This peroxisomal enzyme catalyses the following reaction. RCH2NH2 + 0 2 + H20 RCHO + H202 + NH3
(1) In the filamentous fungus Aspergillus niger and the yeast Candida boidinii (Haywood & Large, 1981) this enzyme is also involved in growth with methylamine as the sole nitrogen source. Amine oxidase from C. buidinii has been purified to near homogeneity. This enzyme has a broad substrate specificity for primary alkylated amines, but does not react with secondary and tertiary amines (Haywood & Large, 1981) .
Little is known about the physiology of primary amine utilization in yeasts. It is evident (equation 1) that their oxidation results in the formation of an aldehyde. In view of this, the observation that these amines cannot support growth as the sole carbon source (van Dijken & Bos, 1981 ) is rather puzzling (see Fig. 1 ). In the case of methylamine utilization formaldehyde is , 1978) . In the non-methylotrophic yeast C. utilis, assimilation of formaldehyde is not possible, but this compound can be oxidized to C 0 2 by NAD-dependent formaldehyde and formate dehydrogenases. In this yeast formaldehyde metabolism can therefore only yield metabolic energy. During ethylamine utilization, the first product in both yeasts is acetaldehyde. This compound is also produced in cells which utilize ethanol as a source of carbon. In these cells acetaldehyde, after conversion to acetyl-CoA, can be used both for energy generation and for carbon assimilation. Growth of the yeasts used in the present study is also possible in media with methanol ( H . polymorpha; Veenhuis et al., 1981) or ethanol (both species) as a carbon source and methylamine or ethylamine as the nitrogen source. Because utilization of ammonium sulphate as a nitrogen source does not result in the formation of reduced nicotinamide nucleotides, at least a difference in cell yield between cells grown in the presence of ammonium sulphate and those grown with alkylated amines as the nitrogen source must be expected. We have investigated the metabolism of several amines as the sole nitrogen source for growth and their effect on cell yield in H . polymorpha and C . utilis. In addition we have studied possible effects of ammonium ions on the activity and synthesis of amine oxidase in the latter organism. The results presented in this paper show that the high nitrogen to carbon ratio of amines is an important factor in determining their metabolic fate. Through control mechanisms which carefully adjust the rate of ammonia production to the requirement of the cells, the rate of amine utilization is limited. It is thought that these mechanisms also effectively prevent the utilization of amines as a sole carbon source for growth.
1 .2.1.1) and formate dehydrogenase (EC 1 .2.1.2) were measured following the procedure of van Dijken et al.
(1976). Catalase (EC 1 . 11 . 1 .6) was measured according to Luck (1963) , and NAD-and NADP-dependent glutamate dehydrogenase (EC 1 . 4 . 1 . 2 and 1.4.1.4) as described for the commercial enzyme (Boehringer). Glutamine synthetase (EC 6.3.1 .2) was estimated according to Mecke (1974) and glutamate synthase (EC 1.4.1.14) according to Roon et al. (1973) . Isocitrate lyase (EC 4.1.3.1) was measured according to Dixon & Kornberg (1959) , and triokinase (EC 2.7.1 .28) according to the method of van Dijken et al. (1978) . Enzyme activities were determined at 37 "C for H. polymorpha and at 30 "C for C. utilis and expressed as follows: amine oxidase and alcohol oxidase as nmol oxygen consumed min-l (mg protein)-', catalase as AAZd0 min-l (mg protein)-', and all other activities as nmol substrate consumed or product formed min-l (mg protein)-'.
Protein determination. Protein was determined by the Lowry method using bovine serum albumin as the standard.
Electron microscopy. Whole cells were fixed in 1.5% (w/v) KMnO, for 20 min at room temperature, dehydrated in a graded alcohol series and embedded in Epon 812. Thin sections were cut with a diamond knife and examined in a Philips EM300.
RESULTS
Metabolism of alkylated amines in C . utilis and H . polymorpha Previously (Zwart et al., 1980) we have shown that in the yeasts C . utilis and H . polymorpha the complete oxidation of methylamine to carbon dioxide and ammonia is mediated by amine oxidase and formaldehyde and formate dehydrogenases. Of these enzymes amine oxidase is peroxisomal. Van Dijken & Bos (1981) reported that many yeasts have the capacity to utilize a broad range of alkylated amines as the sole nitrogen source. Since little is known about the metabolism of amines in yeasts, we have studied the effect of the utilization of a number of these compounds on the activity of enzymes possibly involved in their metabolism. For that purpose C. utilis and H . polymorpha were grown in continuous culture in media containing glucose as the limiting carbon source and various amines as the sole nitrogen source. Enzyme activities were measured when the cultures had reached a steady state. The results, summarized in Table 1 (a, b), show an increase in the activities of amine oxidase and catalase in both organisms when alkylated amines instead of ammonium sulphate were used as the sole nitrogen source. Because these two enzymes have been shown to play a key role in methylamine metabolism (Zwart et al., 1980) , it is very likely that they are also involved in the metabolism of the other alkylated amines studied. During studies with cell-free extracts, evidence was obtained that amine oxidase can only oxidize primary alkylated amines (data not shown). A similar behaviour has been reported for the amine oxidase purified from C . boidinii (Haywood & Large, 1981) . This means that secondary and tertiary alkylated amines must be de-alkylated to methylamine or ethylamine, before a further oxidation mediated by amine oxidase is possible. The exact nature of the enzymes performing these initial de-alkylation reactions is unknown. Probably NADHdependent tertiary and secondary amine mono-oxygenases play a role in these reactions (Green & Large, 1983) .
When methylated amines were used as the sole nitrogen source, a distinct increase was observed in the specific activities of formaldehyde and formate dehydrogenases, indicating that formaldehyde was completely oxidized to C 0 2 (Table 1 a, b) . This view was further strengthened by the observation that during growth on methylated amines excretion of formaldehyde or formate in the culture supernatant generally did not occur; only very low concentrations of formate (approx. 1 m~) were measured in supernatants of C. utilis cultures grown on dimethylamine or trimethylamine. In the case of growth at the expense of ethylated amines the specific activities of formaldehyde and formate dehydrogenases were relatively low, reflecting the fact that these compounds were not metabolized via formaldehyde but via acetaldehyde. No accumulation of acetaldehyde or acetate was detectable in the culture supernatant. The results obtained with H . polymorpha were comparable to those obtained with C . utilis (Table l a , b). However, in this methylotrophic yeast, the enzyme alcohol oxidase, which plays a key role in the metabolism of methanol, underwent drastic variations in specific activity in response to the different growth conditions ( Table 1 b ). This enzyme was not detected in the non-methylotrophic yeast C. utilis. The presence of this enzyme during growth of H . polymorpha in continuous cultures in media without methanol has been observed before and is thought to be due to derepression of its synthesis under conditions of carbon limitation (Eggeling & Sahm, 1978 ; Egli et al., 1980) . During growth in the presence of methylated amines, the specific activity of alcohol oxidase in glucose-limited H . polymorpha cells had markedly increased, whereas with ethylated amines its activity was even lower than in cells grown in the presence of ammonium sulphate ( Table lb) . One of the key enzymes of formaldehyde assimilation via the xylulose monophosphate pathway in H . polymorpha, namely triokinase (van Dijken et al., 1978), was present during growth in the presence of ammonium sulphate or methylated amines, but its activity was very low in media containing ethylated amines (Table lb) . The activity of isocitrate lyase, an enzyme involved in the metabolism of ethanol and acetate (Kornberg, 1966) , did not differ greatly between cultures grown with ammonium sulphate and those grown with ethylated amines. This indicated that conversion of acetaldehyde obtained from the latter group of amines via the glyoxylate cycle is probably insignificant. From the observed enzyme patterns it can be concluded that amine oxidase plays a role in the metabolism of all the alkylated amines studied. The liberated alkyl groups were subsequently further metabolized and oxidized by way of their respective dehydrogenases or used in biosynthetic processes since they did not accumulate in the culture supernatants. Eflect of alkylated amine utilization on the activity of enzymes involved in ammonia assimilation The assimilation of ammonium ions in yeasts proceeds via pathways in which glutamate plays a central role. In most species glutamate is formed via incorporation of ammonia into 2-0x0-glutarate by a reaction catalysed by NADPH-dependent glutamate dehydrogenase (GDH-NADPH; Brown, 1976) . A condition of ammonium limitation in the medium is generally reflected in a sharp increase in the activity of this enzyme (Marzluf, 1981) . In some species, however, low extracellular ammonium concentrations resulted in an increase in the specific activity of the enzymes of the GS-GOGAT system, glutamine synthetase and glutamate synthase, while the activity of GDH-NADPH remained low (Brown, 1976) . In order to investigate which of these ammonium-assimilating enzymes were involved in C . utilis, the cells were grown in continuous culture in media containing glycerol as the carbon source and ammonium sulphate or methylamine as the nitrogen source, under either carbon or nitrogen limitation. The results, summarized in Table 2 , show that in C. utilis the activity of assimilatory GDH-N ADPH had markedly increased under ammonium-limiting conditions. Similar results were obtaified during growth in the presence of methylamine as the sole nitrogen source, while the activity of the enzymes of the GS-GOGAT system increased comparatively little under these conditions. Thus, the major pathway of ammonia assimilation C. utilis involves incorporation of ammonium ions into 2-oxoglutarate mediated by GDH-NADPH. Similar observations were made in H . polymorpha (results not shown).
In order to investigate whether the increase in GDH-NADPH activity in C . utilis and H . polymorpha observed during methylamine utilization was a general phenomenon associated with amine utilization, the organisms were grown in continuous culture under glucose limitation in the presence of alkylated amines. Utilization of the different amines by C . utilis (Table 3a) and H . polymorpha (Table 3b ) was invariably associated with a significant increase in specific activity of GDH-NADPH, while the activity of GDH-NADH was not affected. The same response was observed after growth of C. utilis ( Table 2) and H . polymorpha (data not shown) under ammonium limitation. In the experiments summarized in Table 3 , however, the organisms were grown under cartjon limitation, since, at steady state, no residual glucose was detected in the culture supernatant and only a small amount of the amines initially present in the media had been used (Table 3) . In fact, a calculation of the amount of nitrogen required for the synthesis of cell material (Table 3) showed that just sufficient amine was oxidized to meet this requirement. Free ammonia was never detected in the culture supernatants. Apparently, in these organisms control mechanisms exist which allow an accurate adjustment of the rate of amine oxidation to the requirement of the cells for nitrogen. Physiologically, this could result in a condition of ammonia limitation inside the cell during growth at the expense of amines. This may also explain the observed high activities of GDH-NADPH under these conditions. Efect of utilization of alkylated amines on the cell yield of C. utilis and H . polymorpha Utilization of alkylated amines as a nitrogen source in yeasts invariably results in the production of their respective aldehydes (see above and Fig. 1 ). Since accumulation of these aldehydes in the culture supernatants was not observed, their further utilization, i.e. their complete oxidation to C 0 2 and water resulting in the production of reduced nicotinamide nucleotides, or their conversion to cell material, should, in a carbon-and/or energy-limited continuous culture, be reflected in an increase in cell yield compared to that obtained with growth in the presence of ammonium sulphate. The results of a study of the effect of the utilization of amines on the cell yields of C. utilis and H . polymorpha, grown in a glucose-limited continuous culture containing ammonium sulphate or various alkylated amines as the nitrogen source in the feed, are shown in Table 3 (a, b) . The C. utilis cultures showed very little variation in the amount of cell material synthesized during growth in the presence of ammonium sulphate or methylated amines as the nitrogen source. Only ethylamine and diethylamine utilization resulted in an increase in cell yield of about 13 and 46%, respectively. In the case of H . polymorpha, the cell yield increased by 8 % during growth in the presence of trimethylamine and by 24 and 49% with ethylamine and diethylamine, respectively. A theoretical calculation was made of the expected increase in cell yield when the aldehydes produced from the amines were used as an energy source only; this revealed that in both strains the observed yield was lower for every amine tested (6-24% for C. utilis and 6-7% for H . polymorpha). A similar calculation for a situation in which acetaldehyde (C. utilis) or formaldehyde and acetaldehyde ( H . polymorpha) was used as a carbon and energy source (assumed yield on acetaldehyde = 0-55 g cell material per g acetaldehyde consumed; yield on formaldehyde = 0.39 g cell material per g formaldehyde consumed) revealed that in this case also for every amine tested the observed yield was lower (6% for C. utilis and 4.5% for H . polymorpha) except in the case of H . polymorpha growing on ethylamine where the observed yield was 14% higher than the calculated value, A reasonable explanation for these observations is that growth of these yeasts under glucose limitation in the presence of amines as a nitrogen source is associated not only with that of carbon and/or energy limitation (see above) but also with a physiological condition of nitrogen limitation. 
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Regulation of amine oxidase synthesis in Candida utilis
As shown above, the rate of amine utilization in C. utilis and H . polymorpha is strictly regulated. When compared to cell material, methylamine and ethylamine possess a rather high nitrogen to carbon ratio, and utilization of such compounds as carbon sources would necessarily bring about excretion of excess ammonium ions. The absence of free ammonium ions in culture supernatants (see above) after growth in the presence of alkylated amines therefore indicated a careful adjustment of the amount of ammonia produced to the requirement of the cells. Since ammonium itself could be involved as a controlling factor, for instance through effects on amine oxidase activity and/or synthesis or amine uptake, we decided to study the regulation of these processes in more detail.
In cell-free extracts of C. utilis or H . polymorpha, ammonium ions used in concentrations up to 100 mM had no direct inhibitory effect on the amine oxidase activity. The regulation of amine oxidase synthesis in C. utilis was studied in more detail in chemostat cultures containing glycerol as the carbon source and ammonium sulphate or methylamine as the nitrogen source. The results summarized in Table 2 show that the enzyme, which is absent in glycerol-limited cultures in the presence of ammonium sulphate, is synthesized when such cultures are grown under conditions of ammonia limitation. Therefore its synthesis is not dependent upon the presence of methylamine in the medium. However, during growth in the presence of excess methylamine as the nitrogen source, the enzyme displayed its highest activity under glycerol limitation. A significant increase in the activity of catalase was only observed under the latter conditions ( Table 2) .
We also studied the effect of excess ammonium on amine oxidase synthesis by adding ammonium sulphate (35 mM) to an ethanol-limited culture of C. utilis containing methylamine as the nitrogen source. The results obtained indicated that the synthesis of amine oxidase was blocked completely upon addition of ammonium sulphate to the culture. Inactivation of existing enzyme probably did not occur since the decrease of activity observed could be accounted for by dilution as a result of growth and washout (Fig. 2) . Since ammonium was used by the cells, its rate of disappearance was slightly faster than the wash-out rate. Catalase decreased slowly in activity whereas a significant part of the GDH-NADP was rapidly inactivated in the first 2 h following the addition. The activity of this latter enzyme gradually increased again after the ammonium concentration in the culture had decreased below 10 mM. Twelve hours after ammonium sulphate addition, when the ammonium concentration in the culture had dropped to a low level, amine oxidase was resynthesized quite rapidly.
The stepwise addition of ammonium sulphate (0-20 mM) to the medium reservoir of a C. utilis culture growing under methylamine limitation on ethanol as the carbon source also resulted in a gradual decrease in amine oxidase activity at steady state (Fig. 3) . At ammonium concentrations in the medium above 10 mM, sufficient to supply the cells with all the nitrogen necessary for growth, amine oxidase activity had decreased to 5% of its initial value. When 20 mM of ammonium sulphate was present in the feed, amine oxidase activity had nearly dropped to zero level and methylamine remained completely unused in the culture supernatant. In this experiment the ethanol concentration in the culture decreased upon addition of ammonia. At ammonia concentrations of 10mM and higher in the feed, the concentration of this carbon source was undetectably low, indicating a change-over from nitrogen to carbon limitation.
From these results it can be concluded that synthesis of amine oxidase in C. utilis is regulated by a repression/derepression mechanism in which ammonia plays an essential role. Apart from the influence on amine oxidase synthesis, ammonium also strongly inhibited the uptake of methylamine in cells of C. utilis. This aspect will be described in detail elsewhere.
Electron microscopy
The effects of amine utilization, under carbon or nitrogen limitation, on cell ultrastructure were studied in chemostat-grown cells, fixed with KMnO,. Cells of C. utilis grown under glycerol limitation in the presence of excess ammonium sulphate (Fig. 4a) showed an ultrastructure largely comparable to that described for glucose-grown cells (Zwart et al., 1980) . These cells contained, besides the usual cell organelles such as nuclei, vacuoles and mitochondria, a number of small peroxisomes and little or no storage material. However, when such cultures were grown in the presence of excess methylamine they contained several large peroxisomes (Fig. 4 b) and, in this respect, resembled cells grown in batch culture on glucose and methylamine Amine metabolism in yeasts 3165 (Zwart et al., 1980). Also in these cells generally little or no storage material was observed. During growth of the cultures under ammonium sulphate limitation, the cells were more elongated, had a relatively thick cell wall with large protrusions and contained large amounts of glycogen (Figs 4c, d ). Cells grown under methylamine limitation showed very similar features (Fig. 4e) . During growth in the presence of dimethylamine or trimethylamine, and especially in the presence of ethylamine or diethylamine, however, C. utilis cells often contained several lipid droplets as was also evident in freshly prepared cell-free extracts. carbon limitation in the presence of amines as a nitrogen source, respond physiologically as if they are also nitrogen limited. Glucose-limited cells of H . polymorpha grown in the presence of ammonium sulphate contained large peroxisomes (Egli et al., 1980) , with a partly or completely crystalline matrix due to the crystallization of alcohol oxidase (Veenhuis et al., 1981) . However, cells grown in the presence of methylamine, dimethylamine (Fig. 5a ) or trimethylamine had a higher activity of alcohol oxidase than ammonium sulphate-grown cells (Table 1 b) , showed an increase in number and volume fraction of peroxisomes and thus almost resembled methanollimited cells (Veenhuis et al., 1976) . In contrast, ethylamine-grown or diethylamine-grown cells generally contained rather small peroxisomes (Fig. 5 b) . Under these conditions alcohol oxidase activity and catalase activity were very low ( Table 1 b ). These observations, together with the observed enzyme activities, suggest that not only methanol itself (Eggeling & Sahm, 1980; Egli et al., 1980) but also the presence of methylated compounds, or formaldehyde generated from these compounds, may cause an amplification of the synthesis of alcohol oxidase, in spite of the fact that during growth on these amines, alcohol oxidase has no apparent physiological function.
DISCUSSION
The yeasts Candida utilis and Hansenulapolymorpha are both able to grow in media containing glucose as the carbon source and various alkylated amines as the sole source of nitrogen. Compared to ammonium sulphate-grown cells, cells of C . utilis grown in the presence of methylated amines had high activities of amine oxidase and catalase, and contained several large peroxisomes. In a previous paper (Zwart et al., 1980) , the localization of amine oxidase and catalase in these organelles has been demonstrated. Recently Green & Large (1983) showed that NADH-dependent mono-oxygenases are involved in the demethylation of trimethylamine and dimethylamine in C . utilis. Amine oxidase is also an important enzyme in the metabolism of trimethylamine and dimethylamine (see Table 1 Growth in the presence of trimethylamine, dimethylamine and methylamine was also associated with high activities of formaldehyde and formate dehydrogenases. The presence of these enzymes ensures the further metabolism of formaldehyde that is generated in the demethylation reactions. In the case of growth with ethylated amines, the further oxidation of acetaldehyde, liberated from ethylamine and diethylamine, was not established enzymically in the present work. However, the absence of acetaldehyde and acetate in culture supernatants indicated that this compound is metabolized by the cells. These results show that amine oxidase is involved in the oxidation of all the amines mentioned above, and since this enzyme is located in peroxisomes it must be concluded that these organelles play an essential role in the metabolism of the nitrogen source during growth of C . utilis in media containing an alkylated amine as the sole source of nitrogen.
Observations similar to those reported for C. utilis were made in H . polymorpha, although in this organism the situation was more complex because of the presence of high activities of peroxisomal alcohol oxidase in cells grown in a glucose-limited continuous culture with ammonium sulphate, methylamine, dimethylamine or trimethylamine as the sole nitrogen source. Derepression of the synthesis of this enzyme under various conditions is well known (Eggeling & Sahm, 1978 Egli et al., 1980) . Our results obtained with cells grown under glucose limitation in the presence of ammonium sulphate as the nitrogen source are in complete agreement with those reported by Egli et al. (1980) . Eggeling & Sahm (1980) reported an increased level of alcohol oxidase activity in H . polymorpha when the organism was grown in a carbon-limited continuous culture on a mixture of, for instance, glucose and methanol. According to these authors the increase in activity was, at least partly, due to the presence of methanol itself. From our experiments with cells of H . polymorpha in which methylamine, dimethylamine or trimethylamine were used as the sole source of nitrogen, it must be concluded that also in the absence of methanol, but in the presence of a methylated amine, alcohol oxidase synthesis becomes strongly derepressed. This results in levels of this enzyme as high as those observed in methanol-limited cells (van Dijken et al., 1976; Egli et al., 1980) . In contrast, alcohol oxidase activity was very low in cultures using ethylamine or diethylamine as a nitrogen source. This is probably caused by the repressive effect of the C,-containing carbon moiety of these organic nitrogen compounds. Compared to growth in the presence of ammonium sulphate, utilization of an amine by cells of H . polymorpha was always associated with an increase in amine oxidase activity. In this organism, alcohol oxidase and amine oxidase were localized in the same peroxisomks during growth on methanol and methylamine (Veenhuis et al., 1981) . Therefore it can be concluded that in H . polymorpha, as in C . utilis, peroxisomes play an essential role in nitrogen metabolism during growth in the presence of an alkylated amine as the sole nitrogen source.
Several lines of evidence indicate that growth of the two yeasts under glucose limitation with an amine present as the sole nitrogen source in a high concentration not only resulted in apparent carbon and energy limitation but also in a physiological condition of nitrogen limitation (Table 3) . Under these conditions accumulation of ammonia in the culture vessel was never observed and only minimal amounts of the amines were used; in fact, as could be calculated, just sufficient to account for the nitrogen required for the synthesis of the observed amount of cell material produced. Growth with amines as the sole nitrogen source also resulted in a drastic increase in the activity of NADP-dependent glutamate dehydrogenase. This enzyme plays a major role in ammonia assimilation in a number of yeasts, whereas glutamine synthetase/glutamate synthase are less important (Brown, 1976 ). An increased activity of GDH-NADP was also observed during growth of C. utilis (see Table 2 ) and Saccharomyces cerevisiae (Brown, 1976) under ammonia limitation. In our experiments (Table 3 ) residual glucose could not be detected in the culture supernatants of C. utilis and H . polymorpha when these organisms were grown in the presence of amines as a nitrogen source. Together with the ultrastructural observations (Fig. 4 b-e) this evidence indicates that the organisms are actually growing under both carbon and nitrogen limitation.
Utilization of an alkylated amine via an amine oxidase is always accompanied by the production of an aldehyde, formaldehyde in the case of methylated amines and acetaldehyde in the case of ethylated amines. Complete oxidation of these aldehydes to carbon dioxide and water will probably result in the production of ATP. In an energy-limited continuous culture, such an extra ATP production is expected to result in an increase in cell yield. On the other hand, in yeasts with the capacity for aldehyde assimilation, production of an aldehyde may also lead to increased cell mass production, provided that the cells are growing under carbon limitation. Cells of C. utilis can assimilate acetaldehyde, while cells of H . polymorpha can synthesize cell material from formaldehyde also. In our experiments with C. utilis only growth in media containing ethylated amines as a nitrogen source resulted in an increase in cell yield when compared to growth in the presence of ammonium sulphate. This extra production of cell material, however, was somewhat smaller than expected on the basis of theoretical calculations. In the experiments with H . polymorpha not only growth in the presence of ethylated amines resulted in an increase in cell yield, but also growth on trimethylamine. In this organism too, the increase was somewhat lower than expected on the basis of theoretical considerations, except for growth with ethylamine. This could be due to conversion of part of the amine-carbon into reserve material such as lipids, a phenomenon which was in fact frequently observed in cells grown with ethylated amines (Fig. 5b) .
The physiological condition of nitrogen limitation during growth at the expense of amines as a nitrogen source is probably caused by feedback repression of the synthesis of amine oxidase mediated by ammonium ions. In the presence of these ions the synthesis of this enzyme in C. utiiis is repressed, whereas under ammonia limitation, even in the absence of an amine, the repression was released. Amine oxidase was the only peroxisomal enzyme involved in nitrogen metabolism that was detected during growth of this yeast under ammonia limitation. Activities of D-amino acid oxidase or uric acid oxidase, which may also play a role in the cell's nitrogen metabolism under certain growth conditions (K. B. Zwart, unpublished) , were not found. A repression/derepression mechanism controlling the synthesis of an enzyme involved in nitrogen catabolism in microbial cells is not very common although some examples have been reported. For instance, synthesis of arginase in several micro-organisms (Abdelal, 1979) and of xanthine dehydrogenase and urate oxidase in Streptomyces cyanogenus (Ohe & Watanabe, 1978) is regulated by nitrogen catabolite repression in which ammonia, or a metabolite of ammonia, acts as repressor molecule. A repression/derepression mechanism that controls the synthesis of enzymes involved in carbon metabolism is more common and has for instance been described for the enzymes involved in the metabolism of methanol in H . polymorpha (Eggeling & Sahm, 1980 ; Egli et a/., 1980) and for the Calvin cycle enzymes in Pseudomonas oxalaticus (Dijkhuizen & Harder, 1979) . Repression of amine oxidase synthesis was also observed in H . polymorpha after transfer of methanol/methylamine-grown cells into methanol/ammonium sulphatecontaining media (Veenhuis et al., 1981) . This regulatory effect of ammonium on the metabolism of amines may also explain the inability of yeasts to grow on these compounds as the sole carbon source (van Dijken & Bos, 1981) . Utilization of amines as a carbon source is necessarily accompanied by excretion or accumulation of excess ammonium, because of the high nitrogen to carbon ratio in these compounds. This will lead to a repression of amine oxidase synthesis and ultimately to cessation of growth. 
